Stem rust (Puccinia graminis f. sp tritici) poses a major threat to wheat (Triticum aestivum L.) production worldwide. The interaction between wheat and pathogen in presence of favorable environment can cause a complete crop failure. This study was conducted with the objective to identify wheat genotypes with resistance to stem rust with high and stable yield under four environments in Kenya. Forty wheat genotypes were tested in two consecutive growing seasons, using an alpha lattice design with three replications. Host response to stem rust was recorded based on the modified Cobb scale. The disease severity was recorded on scale of 0 to 100%. The results of the coefficient of infection indicated that about 30% of genotypes were moderately resistant. Yield and disease data were subjected to statistical analyses to estimate the stability parameters. The top three genotypes in yield performance were G25, G18 and G29 with 2.07, 1.98 and 1.97 t ha -1 respectively. Considering both stem rust and yield stability G5, G16, G18, G24 and G36 were the best genotypes which could undergo further testing for future release.
INTRODUCTION
Wheat (Triticum aestivum. L) is a staple food for 35% of the world's population (FAO, 2012) providing more than 21% of the required calories and 20% of protein. It is a central crop to achieving development in agriculture and the second most important cereal crop after maize in Kenya (Mahagayu et al., 2007) . The crop is grown in approximately 150,000 ha of Kenyan land (FAO, 2012) , and is basically used for domestic and commercial baking. In spite of these advantages, wheat production is still low due to unstable yield as well as incidences of diseases.
Stem rust, a fungal disease caused by Puccinia graminis f.sp tritici, is one of the most important wheat diseases in Kenya (Mwando et al., 2012) . For three decades, the world had been free from stem rust (Singh et al., 2008) until 1999 when a new race Ug99 was identified in Uganda. This race was designated as TTKSK based on the North American rust nomenclature *Corresponding author. E-mail: hellenwairimu@gmail.com.
Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License (Roelfs, 1985) . Since its discovery, Ug99 has spread to other countries of Africa, Yemen and Iran . Stem rust occurs frequently in warm and moist environments, which are typical of the wheat growing areas in Kenya . The growing of wheat in diverse Kenyan agro-ecological zones throughout the year (Green et al., 1970) creates a significant pool of airborne urediniospores which, coupled with favorable climatic conditions and the presence of host plants, favors rapid buildup of inoculum and occurrence of epidemics . Several resistance genes, for instance Sr31 have been deployed over years. There is however threat due to changing nature of stem rust to more virulent races. The striking virulence combination explains the widespread susceptibility of wheat varieties (Ravi et al., 2011) .
Several measures are available for stem rust management, including cultural practices and chemical control. However, they are not fully effective or applicable due to their high cost considering the poor resource wheat farmers. Breeding for resistance is still the most economical and desirable method for controlling stems rust in wheat (Shehab El-Din et al., 1991; Gamalat and El-sawi, 2015) . Extensive screening of global wheat varieties for resistance to Ug99 has been undertaken at key sites in Kenya . The International Centre for Maize and Wheat improvement (CIMMYT), International Centre for Agricultural Research in the Dry Areas (ICARDA) and Kenya Agricultural and Livestock Research Organizations (KALRO) are leading a global rust initiative to characterize the strain, to track its spread and to find new sources of resistance to the disease and incorporate them in new varieties (CIMMYT, 2005) . The best long-term strategy to mitigate the threat from stem rust is to identify resistant sources among existing materials, or develop resistant wheat varieties that can adapt to the prevalent environments in countries under high risk, and release them after proper testing . Given that rainfall and other environmental factors are widely variable across locations and years, Genotype × Environment Interaction (GEI) need to be well characterized for better targeted genotype development and recommendation.
Apart from stem rust, wheat grain yield is highly influenced by production environments and breeders often determine stability of high yielding genotypes across environments before recommending stable genotypes for release (Sharma et al., 2012) . Wheat breeders aim to develop new wheat varieties that are resistant to stem rust and consistently have high yield in a range of environments. In order to ensure consistent and high yields, new lines are developed, and tested for their yield performances in different environments (Mehmet and Telat, 2006) . Genotype × environment interactions are of major importance, because they provide information about the effect of different environments on genotype performance and have a key role in assessment of stability of the breeding materials (Moldovan et al., 2000) . It affects breeding progress because it complicates the demonstration of superiority of any genotype across environments and the selection of superior genotypes (Ebdon and Gauch, 2002) . In addition, GEI reduce progress from selection due to low correlation between phenotypic and genotypic values (Alghamdi, 2004) . Thus, understanding the causes of GEI would help in developing genotypes that show satisfactory performances in one to several environments. Various statistical methods have been proposed to determine the stability of new genotype. Among them are multivariate methods which include genotype main effect plus genotype by environment interaction (GGE) and biplot analysis (Yan, 2001 ) which have been used by Hintsa and Fetien (2013) . Thus, the objective of this study was to identify wheat lines that are resistant to stem rust, with high and stable yields across environments. Thirty seven advanced lines from CIMMYT nurseries preselected for resistance to stem rust (Ug99) by KALRO wheat breeders were evaluated for reaction to stem rust and yield stability across the environments. These genotypes were selected from the lines screened by the Durable Rust Resistance Wheat project in 2012. The checks used in the trial were Robin, Eagle 10 and NJBWII, which are among the most popular commercial Kenyan varieties. The pedigree of the genotypes is presented in Table 1 . The experiment was conducted in the year 2013 and 2014 growing seasons.
MATERIALS AND METHODS

Experimental sites and genotypes
Experimental procedure
Forty genotypes were planted using a mechanical planter in an alpha lattice design (5 blocks with 8 units within block) with three replications per environment. Each entry was planted in a plot measuring 1.4 m by 6 m with 20 cm spacing. The plots were separated by path of 30 cm while blocks separated by 2 m path. Diammonium phosphate (DAP 18:46:0) was applied during planting at a rate of 125 kg ha -1 to supply 22.5 kg ha -1 of nitrogen and 25 kg ha -1 of phosphorus. Timely weed control was done using Buctril® MC (Bromoxy niloctanoate and MCPA Ethyl Hexyl Ester) which is a selective herbicide, at the rate of 225 kg ha -1 .
Data collection and analysis
Disease (stem rust) severity and yield (t ha -1 ) data were recorded (Peterson et al., 1948) . This scale combines several infection types; resistant (R), moderately resistant (MR), moderately susceptible (MS), combination of MR and MS (M), and susceptible (S). Severity was recorded on 0-100% scale where 0% was considered immunity while 100% was completely susceptible. The severity and field response for stem rust was converted to coefficient of infection (CI) by multiplying the severity with the arbitrary constant value for field response (Stubbs et al., 1986; Roelfs et al., 1992) , where R=0.2, MR=0.4, M=0.6, MS=0.8, and S=1. The plots were harvested and threshed separately. The grain was dried to 12% moisture and the weight converted to tha -1 for analysis. Yield and disease data was analyzed using GenStat computer software (Genstat 15 th Edition, 2012) . A combined analysis of variance for CI and yield was performed using linear mixed model following restricted maximum likelihood (REML) procedure. Genotypes, replicate and environments were considered fixed while blocks nested in replicates were considered as random for CI while blocks being fixed for yield. The following model was used:
Where Yijkl was the response, μ was the mean of the experiment, Ri was the effect of the i th replicate, B(ij) was the effect of the j th block nested in i th replicate, Gk was the effect of the k th genotype, El was the effect of the l th environment, GEkl was the effect of the interaction of the k th genotype with l th environment, and Ɛijkl was the experimental error.
Genotypic variance (Si 2 ) was computed to determine disease stability as suggested by Lin et al. (1886) . Genotypes with less than 10 CI values and those with greater than 1.8 t ha -1 were subjected to further analysis to determine their disease and yield stability using GGE. The lsd was calculated in by the following formula:
Lsd=average standard error of difference × t/device degree of freedom.
Where lsd is the least significant difference; the average standard error of difference was obtained from REML output while t is the value obtained from the t-table.
RESULTS
Genotypic response to stem rust
Significant (P<0.001) variation for CI was observed in genotype, environment and genotype × environment interaction (Data not shown). The CI and genotypic variance (Si 2 ) of the forty genotypes are presented in Table 2 . The lower the Si 2 value the more stable a genotype is (Peterson, 1994) . In this study, genotypes with CI values of 20 and below were considered stable for stem rust. Following this stability measure, 42% of the tested genotypes were considered stable for stem rust with genotypes G1, G3, G16 and G18 having the lowest value.
Eldoret (CI=12.61) recorded the lowest disease while Njoro (CI=17.47) had the highest disease scores. There was a slight difference between Kinamba and Olkalau with CI of 13.23 and 13.75 respectively. At 95% confidence level, Eldoret was found to be significantly different from Olkalau but not different from Kinamba. Njoro was significantly different from Eldoret, Kinamba and Olkalau at 95% level of confidence. Figure 1 shows the GGE biplot for the forty genotypes with respect to stem rust. The two PCs explained 78.00% (PC1=52.69% and PC2=25.31%) of the total variation. According to Rubiales et al. (2014) , genotypes that appear to the left of the average line are considered the best in terms of resistance. Accordingly, genotypes G18, G16, G40, G24, G5, G29, G14, G36, G25 and G37 were considered resistant to stem rust. Genotypes G18 and G16 were to the extreme left of the average line hence were leading with low infection hence most resistant. The above resistant genotypes had CI values less than the two checks G38 and G39. However, only G16 and G18 were better than the best check G40. Nonetheless, the three genotypes were not significantly different at 95% confidence interval. According to GGE biplots, the projection of the genotype to the AEC (average environment coordinate) line signifies stability. Genotypes closer to this line are more stable. Among the resistant genotypes, G18, G16, G24, G14, G36 and G40 had shorter projections hence considered stable for stem rust.
The relationship between environments is important for researcher for future selection of trial sites. The vectors connecting each environment to the origin of the biplot gives a clear comparison of the test environments. Eldoret and Olkalau lie on the same projection, an indication of similar environments (Figure 2) . Then as well, Njoro was similar to Olkalau, Eldoret and Kinamba. Nonetheless, Kinamba was different from Olkalau and Eldoret which is clearly shown by the obtuse angle between them. Njoro and Kinamba had the largest projections from the biplot origin hence the best environments for testing genotypes for stem rust.
Yield performance across environments
Significant (P<0.001) variation for environment was observed in yield (Data not shown), Olkalau recording the highest yield (Table 3) . When the PC analysis for yield was fitted, the two PCs explained 87.14% (PC1 = 65.59% and PC2 = 25.31%) of the total variation. According to GGE biplots, genotypes on the right side of the average line are good average performers while closeness to the AEC represents stability. Genotypes G25, G17, G40, G29, G6, G18, G23, G36, G27, G28 and G30 were on the right side of the average line hence considered above average performers (Figure 3) . Genotypes G16 and G5 were near the average line and were considered average performers. Among the genotypes with average and above average performance, G5, G16, G25, G17, G40, G29, G23, and G18 were closest to the stability line hence considered stable for yield. Figure 4 shows the relationship among test environments in respect to yield. This was visualized by the line connecting each environment to the origin of the biplot (Vector). Environments closer to each other are more similar and therefore, Njoro and Eldoret were similar, Eldoret and Olkalau were similar and, Olkalau and Kinamba were similar. The obtuse angle between Olkalau and Njoro indicate that these environments were different. Kinamba was different from Njoro and Eldoret. Olkalau had the largest projection from the biplot origin. This makes it a good environment for selection of wheat genotypes since it had the largest contribution of GEI. There was a negative relationship between yield and disease ( Figure 5 ).
DISCUSSION
Wheat production in Kenya is constrained by stem rust which can cause 100% yield loss in susceptible genotypes (Singh et al., 2009) . Whereas resistance to the disease has been reported in some genotypes, lack of genotypes that combine sufficient resistance to stem rust and yield stability across environments has posed a new challenge . Furthermore, the emergence of new stem rust races is a challenge in breeding and selection for the disease . Although there are recommended fungicide to reduce the disease pressure, these chemicals are not environment friendly and are not economical. Chemical control using fungicides, though an option is not sustainable due to high cost of recommended fungicides and their undesirable effect on environment . Just like yield, response of wheat to stem rust varies in different environments. This is due to the variation in weather conditions which influence the interaction between stem rust and wheat. In the Kenyan context, beside stem rust, variation in yield performance of wheat is known to result from variation in climate conditions. Forty genotypes including three checks were screened for stem rust. Genotypes with low Si 2 values and low mean CI are considered stable (Peterson, 1994) . Although several genotypes had low mean infection, their Si 2 values were high hence not considered stable. According to Letta and Tilahun (2007) , means are not efficient measure of disease stability. As such, in addition to Si 2 , GGE biplots were used to determine resistance and disease stability. None of the genotypes was completely resistant or immune to stem rust. This is an indication of the challenge in breeding for resistance to the disease. However, several genotypes were found to have some level of resistance. Results from the current study showed that genotypes with moderate resistance had low infection. Probably these could be having partial resistance which is attributed with additive or epistatic genes (Nzuve et al., 2013) . Partial resistance is known to be non-race specific, highly inheritable and durable (Singh et al., 2009 ). GGE biplots was found to be adequate in determining disease stability according to Rubiales et al. (2014) . The results of this study revealed that resistant genotypes had relatively high yield performance which explains the effect of the disease on yield. Stem rust causes shriveled grains thereby reducing wheat yield. It was also found that disease stability and yield stability are independent. Some of the genotypes highly stable for yield, for instance G29, were unstable for disease. Although some of the genotypes were stable for both disease and yield, stability should be done for one trait independently even when studying several traits. The weak correlation between yield and CI indicated that apart from stem rust, there were other factors influencing the wheat yield. Considering stem rust resistance, yield and their stability, G16, G18 and G36 were the best genotypes which could be tested further for future release. Although genotypes F6, F17, F23, F27, F28 and F30 had high yield, their CI was below the average line hence moderately susceptible. These genotypes could probably be tolerant to stem rust and could be considered for further tests for future release.
The disease pressure in each environment influenced the average performance of individual genotypes as well as that of individual environment. There was a slight difference in disease pressure across the four test environments. The high disease pressure at Njoro could be attributed to build up of stem rust inoculum during the international screening of wheat materials which is carried out yearly by Durable Rust Resistant Wheat (DRRW) project. In this study, significance in genotype × environment in CI was an indication of inconsistency in genotype in response to the changing environment as a result of GEI. Similar results were observed by Mohammed (2009) .
Stem rust is favored by warm and moist environment which is the characteristic of the test environments . Eldoret and Olkalau were similar for both stem rust and yield. This similarity shows that, while carrying out a multi-location trial, breeders can select one environment to be representative in the case of limited resources. Njoro and Kinamba had large projection from the biplot origin and would therefore be good sites for evaluation of wheat response to stem rust. These results were in agreement with Hintsa and Fatien (2013) , in their study on wheat. Olkalau had the largest projection for yield hence highest contribution to GEI.
Conclusion
The field experiments allowed assessment of the response of genotypes to stem rust and their yield performance across environments. The differences observed on genotypes across various environments were an indication of the presence of GEI. The results of this experiment showed some promising genotypes that were stable for stem rust resistance, with high and stable yield. These genotypes, G5, G16, G18, G24 and G36 are potential lines which could be advanced for future release.
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